Aims. Following the recent detection of 36 ArH + in the Crab nebula spectrum , we have computed the photodissociation rate of ArH + in order to constrain the physical processes at work in this environment. Methods. Photodissociation cross sections of ArH + are computed in an ab initio approach including explicit account of spin-orbit coupling.
Introduction

Whereas ArH
+ has been studied in great detail from laboratory and theoretical techniques, the detection of the 36 ArH + isotopologue in the Crab nebula (Barlow et al. 2013 ) offers an outstanding opportunity to exploit these studies in a previously unforeseen astrophysical context. The main motivation for this article is to investigate the response of this molecular ion to the high ambient radiation field and subsequently check the chemical processes at work in the Crab Nebula environment. Section 2 describes the recent ab initio studies of ArH + . We use the available information to compute photodissociation rates resulting from different shapes of the incident radiation fields as discussed in Section 3. We first describe the main features of Photon Dominated Regions (PDR) models and introduce different radiation fields to compute the photodissociation probabilities. We summarize our conclusions in Section 4.
Ab initio study of ArH +
The ab initio data which are used in the present work to analyze the ArH + photodissociation have been obtained in the detailed theoretical study (Alekseyev et al. 2007 ) dealing with the computation of molecular potentials and transition moments of the ArH + cation. The multireference spin-orbit CI (Configuration Interaction) method in its Λ − S contracted version (LSC-SO-CI) has been used for this purpose. It combines a multireference single-and double-excitation CI approach (MRD-CI) with relativistic effective core potentials (RECP). The LSC-SO-CI method has been described comprehensively in Alekseyev et al. (2003) , while technical details of the ArH + computations have been given in Alekseyev et al. (2007) .
The ground X 1 Σ + state of ArH + correlates to the Ar( 1 S ) + H + asymptote, whereas all low-lying excited electronic states converge to the charge-transfer Ar + ( 2 P o ) + H( 2 S ) limit. The computed spectroscopic constants for the X 1 Σ + ground state as well as its dipole moment are found to be in very good agreement with experiments (Johns 1984; Šurkus 2000) . While the ArH + ground state is well bound due to the strong argon-proton interaction, the lowest excited states, A&A proofs: manuscript no. roueff-arhp_arxiv high-energy part peaking at 123270 cm −1 is dominated by the parallel A 1 Σ + ← X 1 Σ + transition, by far the strongest among transitions in this energy range. The low-energy part of the band peaking at 86560 cm −1 mainly originates from the perpendicular B 1 Π ← X 1 Σ + transition, which is ∼ 240 times weaker than A ← X at its maximum. The two partial absorption spectra overlap (equal intensities at around 95 · 10 3 cm −1 corresponding to 1053 Å), which leads to a shoulder in the red part of the absorption curve. All other transitions in this energy region are spin-forbidden, but it can be noted that absorption into the b 3 Π 0 + state is not negligible in the (70 − 80) · 10 3 cm −1 range. It should be possible to detect it from the product angular distribution in the Ar + ( 2 P 3/2 ) + H( 2 S ) dissociation channel. The branching ratio Γ for the final photodissociation products has also been calculated and it has been shown that it smoothly increases from 0 in the red tail of the band to 1 at E ≥ 10 5 cm −1 . The latter value corresponds to the exclusive formation of the spin-excited In this study, we derive the corresponding photodissociation cross sections from the relation σ = 1000 × log 10 (e) × ε/N A . ε is the extinction coefficient computed in Alekseyev et al. (2007) expressed in l mol −1 cm −1 and N A is the Avogadro number. We thus derive σ = 3.82 × 10 −21 × ε, where σ is now in cm 2 . Figure  1 reports the dependence of the dissociation cross section as a function of the wavelength, expressed in Å. Since all electronically excited potential curves are repulsive, the cross section is continuous and does not display any resonance. The vertical blue dotted line shows the wavelength cutoff at 912 Å, which takes place in astrophysical media, as all photons are absorbed if their energy is above the ionization potential of atomic hydrogen. The threshold of the total photodissociation cross section occurs at 1500 Å. The values display a maximum at 800 Å and become negligible below 670 Å.
We report the total photodissociation cross section as a function of wavelength in the online material.
Photodissociation probabilities
We now consider ArH + photodissociation for different impinging radiation fields. As emphasized in van Dishoeck et al. (2006) , photodissociation occurs in the surface layers of molecular environments exposed to UV radiation fields. We use the Meudon PDR code facility 1 (Le Petit et al. 2006 ) to compute the photodissociation probability of ArH + for different incident radiation fields as a function of the visual magnitude.
The main feature of the Meudon PDR code is a detailed computation of the radiative transfer of the VUV radiation field in a cloud model containing both gas and dust. Photodissociation of molecular hydrogen is computed from detailed molecular properties of Lyman and Werner transitions as computed by Abgrall et al. (1993 Abgrall et al. ( , 2000 involving a discrete absorption followed by emission towards the continuum of the X molecular state. Absorption by gas and dust is treated in a consistent way and we refer the reader to the reference paper describing the Meudon PDR code (Goicoechea & Le Bourlot 2007; Le Petit et al. 2006 ).
Photodissociation in an unshielded environment.
The photodissociation (photoionization) probability of any molecular (atomic) species for a very small parcel of gas surrounded on all sides by the ISRF is expressed as
where N(λ) is the number of photons per square centimeter per second and per Å and σ(λ) the corresponding cross section.We express this quantity as a function of the radiation energy density via
which is valid for an isotropic incident radiation field. We show in Figure 2 the incident energy densities of three radiation fields which have been used for the computations. We have constrained those radiation fields to contain the same incident integrated energy density for a wavelength range between 912 and 2400 Å, corresponding to the Habing cutoff of the UV radiation field (Habing 1968 ). This choice is slightly different from that made by van Dishoeck et al. (2006), who have used a cutoff of 2050 Å 2 . The model using the incident Draine radiation field is defined as the standard case. The radiation field impinging the molecular knots where ArH + has been detected (Barlow et al. 2013 ) may be estimated as well. The pulsar wind nebula (PWN) luminosity is obtained from a dust + photoionization modeling of the Crab nebula by Owen and Barlow (2014) 3 using the spectrum displayed in Hester (2008) . The integrated PWN luminosity is 1.3 × 10 38 erg/s and is assumed to be emitted from the central two-thirds of the ellipsoidal nebula, whose overall dimensions are adopted to be 3.8pc x 2.9 pc. Table 2 displays the photodissociation rate (P d ) of ArH + as well as the photoionization probability (P i ) of atomic carbon computed from the direct integration in equation 1 for the three chosen radiation fields and for the crab nebula environment. We also display the ratios of the radiation field energy densities to that corresponding to the Draine radiation field in the 911 -2400 Å window. The results concerning photoionization of carbon given by van Dishoeck et al. (2006) are also reported. The differences obtained reflect the different choice of normalization of the radiation fields. The value displayed for the Crab nebula is about two hundred times larger than in standard interstellar conditions and the ratio of the corresponding energy densities is about 80.
Role of the dusty environment
We consider now a cloud irradiated on one side and we follow the decrease of the radiation field as it penetrates inside the molecular cloud. This reduction is a result of photon absorption both by gas and dust. Dust absorption and scattering properties are introduced, using the prescription by Weingartner & Draine (2001) for the Milky Way for spherical dust particles with radii between 0.3 µ and 3 nm following a -3.5 power law of the dust size distribution (Mathis et al. 1977) . Dust absorption is a continuum process as well as gas phase absorption by ArH + , as shown in Figure 1 . We also recall that such a continuum mechanism occurs in the photoionization of carbon as the corresponding cross section is constant from I C = 11.26 eV (corresponding to 1101.5 Å), equal to 1.6 · 10 −17 cm 2 up to 13.6 eV. An exponential decrease is often used to represent the A V dependence of the photoprocesses and the corresponding parameters are found in the different kinetic databases (KIDA (/http:://kida.obs.u-bordeaux1.fr) (Wakelam et al. 2012) , UDFA (http://www.udfa.net) (McElroy et al. 2013) ). These expressions are aimed to describe the effect of dust continuum absorption on the photoionization and photodissociation probabilities. We consider a cloud model with a proton density n H = 10 3 cm −3
and submitted to a cosmic ionization rate of 5 · 10 −17 s −1 , corresponding to standard translucent cloud conditions. The radiation, impinging isotropically on one side of a semi-infinite slab, is described by the Draine analytic ISRF model (Draine 1978) . We display as full lines in Figure 3 the computed ArH + photodissociation and Carbon photoionization probabilities as a function of A V .The corresponding exponential fits are displayed as dotted lines in the left hand part (a) of Figure 3 for a restricted visual extinction range between 0 and 3, as recommended in van Dishoeck et al. (2006) . We also display in the right hand part (b) of Figure 3 , as dotted lines, the corresponding fitting functions using the exponential integral E 2 function. Whereas the exponential dependence is a fair approximation of the photodissociation probabilities for the considered range of visual extinctions, the fit using the E 2 function is superior as already emphasized and used in Neufeld & Wolfire (2009) . Corresponding formulae are displayed in Table 3 .
We also compute the photodissociation rate resulting from radiating stars, considered as the blackbodies already introduced in Section 3.1 and displayed in Figure 2 , where the radiation is considered as beamed perpendicularly to the surface of the cloud, which corresponds to regions located close to a particular star. In those cases, exponential fits are found to be adequate representations of the visual extinction A V dependence of the photodissociation rates, as shown in Figure 4 . Finally, we also compute the photodissociation probability corresponding to the Crab nebula conditions where the radiation is isotropic. We assume a proton density n H = 2 ×10 4 cm −3 representative of the molecular knots detected by Loh et al. (2012) in this environment. The corresponding results are displayed in Figure 4 and fitting expressions are given in Table 3 . The constant factors expressed in s −1 are about one half the value given for the unshielded case (Table 2) as the radiation is impinging on one single side of the cloud.
Role of the continuous gas phase absorption
However, these analytic representations of photodissociation/photoionization probabilities neglect the role of other gas phase continuum absorptions. Reemphasizing early PDR models by Tielens & Hollenbach (1985) , Rollins & Rawlings (2012) have pointed out recently that neglecting mutual shielding by dust and carbon leads to overestimate the photoionization probability of Carbon by a factor exp(-σ C N C ), where σ C is the photoionization cross section of Carbon and N C stands for the column density of atomic Carbon. We investigate in Figure 5 the role of additional gas phase absorption for the standard model case, where we introduce the photodissociation and photoionization continuous cross sections of different gas phase compounds, including Carbon. The solid line curves correspond to models including continuous absorption of the radiation field by gas whereas dotted lines curves correspond to computations neglecting that effect. Whereas gas phase absorption considerably modifies the photoionization probability A V dependence for Carbon, the effect on ArH + photodissociation is much less significative as the photodissociation threshold is at 1500 Å, at a significantly larger wavelength than for Carbon photoionization (1105 Å).
Relevance to the Crab environment
The main chemical processes involved in the formation/destruction of ArH + , except photodissociation, have been discussed in Barlow et al. (2013) . The availability of the photodissociation cross sections allows to constrain further the chemical processes at work. The chemical network is relatively simple as displayed in Figure 6 . The initial step of the chemistry is ionization of Argon through cosmic rays and X-rays followed by a reaction with molecular hydrogen. An alternative path is provided by the reaction between H + 2 with neutral Argon. The abundance of ArH + is thus directly proportional to the total ionization rate of Ar. The ionization state of Ar is discussed by Jenkins (2013) in the context of the Warm Neutral Medium (WNM) and non conventional sources of ionization are proposed to reconcile a [ArI / OI] ratio that is consistent both with the observations and the generally accepted value of the density n(HI) = 0.5 cm −3 . It is interesting to note that the molecular OH + ion, which is recognized to be a test of cosmic ionization rate (Indriolo 2013) , has been detected in the same environment (Barlow et al. 2013) . A quantitative study is beyond the scope of the present paper and a realistic study would require the introduction of the X ray spectrum. The photodissociation rate of ArH + at the surface of the molecular knots is computed to be about 2 · 10 −9 s −1 which may compete with dissociative recombination ( with corresponding rate constant k e ≤ 5 × 10 −8 cm 3 s −1 (Mitchell et al. 2005) ). However reactions with molecular hydrogen (with a rate ∼ to 2 × 10 −9 cm 3 s −1 (Anicich 2003) ) are presumably the main destruction channel.
Summary
We report photodissociation cross sections of ArH + as a function of wavelength which can be used to compute the response of that molecular ion to ultraviolet interstellar radiation fields. The photodissociation rate of ArH + for a very small unshielded cloud surrounded on all sides by the standard Draine UV ISRF is 9.9·10 −12 s −1 . This value is very sensitive to the spectral distribution in the VUV 911 -2400 Å wavelength window, as shown in Table 2 . The corresponding rate relevant to the Crab nebula environment is 1.9 · 10 −9 s −1 . The dependence on the visual extinction A V due to the attenuation of radiation by dust is derived from the Meudon PDR code both for incident isotropic and plane parallel radiations. We report the corresponding analytic functions for a semi infinite plane parallel cloud for different typical cases and for the Crab nebula environment. The constant numerical factor is close to half the value obtained for the unshielded environment. The dependence on A V is better represented with an E 2 function when isotropic radiation is impinging on the cloud. Nevertheless, we stress out that a direct integration of the product of photodissociation cross sections by the actual radiation field allows to derive photo destruction rates unambiguously. The actual value of the photodissociation rate is moderate and destruction of ArH + is mainly due to molecular H 2 . Then, ArH + , as well as OH + also detected in the Crab nebula (Barlow et al. 2013) , are strongly dependent on the molecular fraction of the gas.
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